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Introduction
Recently, the new technology of flat panel display is rapidly developed by scientists and engineers. Moreover, the cathode ray tube and active matrix Liquid Crystal Display (LCD) already became the old-item in the display field and the display technology is rapidly progressing towards the technology with flexible and wearable concepts, which are the attributes demanded by consumers.
Flexible display is one of the interesting applications with the development of the display technology such as plastic substrate, conductive films, barrier layers, encapsulated electrodes, organic thin film transistors and roll-to-roll processing (Smith, 2005) . There are several advantages of flexible display that are of superior flexibility, low density and light weight. Because of these merits, flexible display is potentially used in the applications that glass-based display cannot be satisfied (Crawford, 2005) . Previously, researches have been conducted for flexible LCD using polymer substrate instead of glass substrate for the mobile display applications (Hanada et al., 2002; Park et al., 2001) . The related parameters for a substrate with Twisted-Nematic (TN) and Super-Twisted-Nematic (STN) Liquid Crystal (LC) cells are the pitch, the orientation and the twist angle of the director. With these parameters, the cell gap to maintain the stabilised cells potentially affects the viewing characteristics of LCD. In addition, flexible display has enhanced shatter resistance, weight and the thickness reduction, which are significant for reducing the manufacturing cost (Chung et al., 2005) . Therefore, these factors need to be controlled to produce the high-quality manufacture of LCD (Kitamura et al., 2005) . However, the disadvantage for the polymer substrate such as the thermal instability is also considered, which is influenced by the manufacturing process conditions. The process variables are difficult to be controlled in order to maintain the desired characteristics. In order to overcome these problems, the manufacturing process variations need to be characterised.
Modelling methodology for the manufacturing applications has been investigated by several researchers. Mouche et al. (1995) worked on the process modelling and optimisation of copper MOCVD using design of experiments and those predicted model was carried out using Response Surface Methodology (RSM). Gaston and Walton (1994) applied to the optimisation of IC process by D-optimal design and RSM. Villavilla et al. (1996) presented the process model for the etch rate and the etch yield using RSM.
In this paper, the statistical modelling technique is applied to the cell gap fabrication process for the flexible LCD application. Initially, the Analysis of Variance (ANOVA) was performed to analyse the relationship between the process variables and the responses. The RSM was then used to build the models for the cell gap. Finally, the optimised process condition for the control label process variables was determined via the desirability function. The methodology can be applied to maintain the high-quality panel characteristics for the flexible LCD manufacturing.
Experiments
The 200 µm Polycarbonate (PC) film is used as a substrate. In order to measure the cell gap of the flexible LCD, the cell was fabricated as a sandwich with an anti-parallel structure, and the 5 µm spacers (MICROPEARL, EX-005-KA from SEKISUI Chemical Co. Ltd.) were used in this experiment to maintain a uniform space between the two polymer plates. The spacers were positioned at the space between the two polymer films by spraying, and the spraying number of the spacer is defined as the number of times of spraying the spacer and the values are 2, 6, and 10, respectively. The other polymer substrate using the printing sealant was then covered on the substrate that the spacers were sprayed. The assembled cells were formed by the sealing line with the sealant on the inner side surface of the other flexible substrate and then heating-cured at low temperature below 150°C. The pressing machine was then used to press the 3 mm iron sheet that prevents the vacancy that will occur within the cells. The press machine pressure is defined as the pressure of the machine to press the sheet and the values are 0.07, 0.13, and 0.19 kg/cm 2 , respectively. The number of 3 mm iron sheet is defined as the number of the iron sheet used as a medium between the substrate and the press machine. The values for the number of 3 mm iron sheet are 0, 1, and 2, respectively. The cell gap was measured by MCPD-3000 (OTSUKA Electronics, Japan) at the two points in which the 1/4 location deviated from the centre. The measurement system is composed of multichannel photodetectors to obtain reflection in LC (MJ 001929, MERRICK, Japan) cell with the cell gap. This system can measure the cell gap using the spectral analysis of reflection. The dimension of the PC film is 30.07 mm × 20.84 mm × 0.2 mm. The sprayed region used in this experiment is 5.29 cm 2 . The schematic of the measurement system and measurement points are illustrated in Figures 1 and 2 , respectively. The schematic of the process is illustrated in Figure 3 .
Generally, LCD uses the non-adhesive or the semiadhesive type spacers that are described in Figure 4 (a). In this work, the adhesive type spacers are used since pressing process is required for the adhesive type spacers to maintain uniform cell gap and adhesion effectively. The relationship between the flat plate and the pressing process is described in Figure 4 (b).
The surface state on the substrate was then analysed by the microscope to verify the density of spacer. Those microscope images of the samples manufactured on different process conditions are appeared in Figure 5 . The microscope images of the sprayed spacer on the substrate: (a) the spraying number of the spacer = 2 EA, the press machine pressure = 0.14 kg/cm 2 , and the number of 3 mm iron sheet = 2 EA and (b) the spraying number of the spacer = 6 EA, the press machine pressure = 0.13 kg/cm 2 and the number of 3 mm iron sheet = 1 EA
Modelling scheme
Design of Experiment (DOE) is one of the convenient methodologies to investigate the manufacturing process and it is widely used in the engineering field for improving the yield and the manufacturability of process. The methodology can result in the process yield improvement, variability reduction, cost and time effectiveness. Generally, in an irregular experimental region, a non-standard model and unusual sample size requirement, computer-generated designs are better than the classical design such as the factorial design and central composite design. In this work, D-optimal design was carried out to make the experimental runs considering the complexity of the process in the design space (Montgomery, 2001) .
D-optimal design
In order to characterise the cell gap, the three process parameters, which are the spraying number of the spacer, the press machine pressure and the number of 3 mm iron sheet, are extracted with respect to the controllable experimental conditions. The process parameters with specific ranges are summarised in Table 1 . In addition, D-optimal design is one that maximised the determinant of Fisher's information matrix, X T X. This matrix is proportional to the inverse of the covariance matrix of the parameters. So, maximising matrix determinant (X T X) is equivalent to minimising the determinant of the covariance of the parameters. Because of this, D-optimal design minimises the volume of the joint confidence region on the vector of the regression estimates (β's) of the model parameters (De Aguiar et al., 1995; Gianchandani and Crary, 1998) .
The methodology for the D-optimal design is summarised as follows:
Maximise: the determinant of the information matrix, X T X.
Subject to: minimising the error in the parameter estimator and the volume of the confidence regions for model coefficients.
The D-optimal design has several advantages such as minimising the variance of the model parameters, using the arbitrary design space, a flexible number of experiments and permitting experimentation in stages (Lin and Spanos, 1990) . The design matrix of the D-optimal design is summarised in Table 2 . The order of the experimental runs has been randomised to avoid statistically the effect of irrelevant factors, which may be present, but not considered in this study. 
Response surface methodology
The general second-order model is defined as the following equation (Montgomery, 2001 ):
where y is the response variable, k is the number of independent process factors, x is the process factor and β is the model coefficient. As mentioned above, those model coefficients are calculated by the least square estimation.
The response surface models of each cell gap point are defined as follows: 
Desirability function
The desirability function is used as one of the optimisation approaches for multiple responses. The technique is to convert each response into an individual desirability function (d i ), which varies over the range 0 ≤ d i ≤ 1. If the response value is at its target value, then d i = 1, and if the response value is outside an acceptable region, then d i = 0. The process variables that maximise the overall desirability are extracted to satisfy the desired response variable. The overall desirability is defined as:
where m is the number of responses. The procedure is to find out D to be maximised for the conditions on the design variables. The implementation used in this study is Derringer-Suich methodology. … is then constructed and find conditions on x that maximise D (Myers and Montgomery, 1995) .
The two-sided desirability function used in this study is described in Figure 6 and it is defined as (Montgomery, 2001) :
where r 1 and r 2 are the weights, U is the upper limit, L is the lower limit, T is the target value for the response, y is the response value and d is the desirability. 
Results and discussion
The p-values for each process parameter are summarised in Table 3 . The p-value is the probability that your sample could have been drawn from the populations being tested given the assumption that the null hypothesis is true. A p-value of 0.05, for example, indicates that you would have only a 5% chance of drawing the sample being tested if the null hypothesis was actually true. Generally, the interaction effects may be present but not considered in this study because the main effects are more important factors to be controlled, which have an effect on the mutual interaction during the process. The hypothesis testing is to determine if the observed difference between two or more samples comes from a random chance or a true difference between samples. The appropriate hypotheses are H 0 : β 1 = β 2 = = β k = 0 and H 1 : β j ≠ 0 for at least one j. The rejection of H 0 implies that at least one of the model coefficients contributes significantly to the model. A p-value close to zero such that null hypothesis is false, and that typically, a difference is very likely to exist (Montgomery, 2001) .
In addition, the p-value of a statistical significance test represents the probability of obtaining values of the test statistic that are equal to or greater in magnitude than the observed test statistic. Those values are evaluated by ANOVA under the statistical significance level of 95% (α = 0.05). Therefore, a significant impact factor on the process quality can be determined by ANOVA building on the idea of hypothesis testing statistically (May and Spanos, 2006) . It was found that the spraying number of the spacer and the press machine pressure are significant for the cell gap. However, the number of sheet is insignificant statistically for the cell gap. The R-squared values for each model are 89.0% and 89.2%, respectively. Thus, the response models are in good agreement with the experimental data.
The model accuracy can be verified by the residuals under the statistical assumption. It is assumed that the residuals are normally and randomly distributed with mean zero and unit variance. In this study, the standardised residuals, one type of the scaled residual, are used to determine the model verification.
In order to detect the outlier of the data, the standardised residuals (d i 's) were calculated as follows (Myers and Montgomery, 1995) :
where e i 's are the residuals and σ is a square root of the mean square error.
Generally, the standardised residuals should be in the interval -3 ≤ d i ≤ +3, any standardised residual out of the range is potentially unusual data for the response model to be fitted. The calculated standardised residuals were plotted in Figure 7 . It is observed that the standardised residuals for the models are distributed between -3 and +3 and there are no special patterns and features.
The relationship between the measured values and the predicted values appears in Figure 8 . It appears to be almost linear indicating that the predicted model is fitted well against the cell gap as the response variable under the statistical significance level.
The response surface plot for each model is illustrated in Figures 9 and 10, respectively. As the spraying number of the spacer and the press machine pressure are increased, the cell gap is also increased due to either the rearrangement of the spacer or a compressive force of press machine when the number of the 3 mm iron sheet is equal to one (Nemoto and Jin, 2003) . In addition, the small variation was observed through the curvature around the centre between the measured points. As a result, regardless of the same substrate and the condition, the difference between the convex region in Figure 9 and the concave region in Figure 10 appears that the variation of the cell gap on the varying conditions, which are related to the changing towards the boundary process conditions. Depending on the measurement location of the cell, the cell gaps are not equal on the same process condition due to the flexible property of the cell and irrelevant factors on the process, which may be affected by the moving of the spacer within the cell. This variation is also stated that the spacers between the plastic substrates are increased on the limited space as the spraying number of the spacer is increased. The curvature variation on the response plot may be one of the process fluctuations, which can occur due to the measured location. Furthermore, the characteristic of cell gap for flexible LCD can be affected by both the spacer's bending deformation and externally applied mechanical force, which can cause the cracking of the substrate. Therefore, it can be concluded that the variation can originate from the arrangement of the spacers in the vacancy and a comprehensive force of the press machine (Nemoto and Jin, 2003) . As the press machine pressure is decreased, the spacers are rearranged in the vacancy sites. Therefore, the uniformity of the cell gap can be improved when the spraying number of the spacer and the press machine pressure are adequately decreased. The optimised results for the numerical and practical global solutions are summarised in Table 4 . To confirm the feasible region for obtaining the uniform cell gap, the overlaid contour plots for the measured cell gap points are shown in Figure 11 at the fixed values that are the number of iron sheet of 0, 1, and 2. It is shown in Figure 11 that the straight and the dotted line appears on the lower bound of 4.5 µm and the upper bound of 5.5 µm, respectively. As it can be seen from the white region in Figure 11 , this region reveals that the cell gap can be accepted between the boundary conditions at the two measurement points (Heredia-Langer et al., 2000) . The overlaid regions between lower and upper bound explain that the desired response value can be obtained by the conditions that are in the acceptable region within the bounded conditions. It can provide a valuable condition for the setting of process variables to be controlled using the analysis of the overlay contour plots and the desirability function. Table 4 The results for optimal process variables
Factors Global solution (numerical)
Global solution (practical) N 2.00 2.00 P 0.14 0.13 S 1.85 2.00
Figure 11
Overlaid contour plot
The measured cell gap values for the 4 test cells to verify the optimisation conditions are summarised in Table 5 . It is noted that the cell gap manufactured by the optimisation condition could be close to the desired response of 5 µm. Based on the results, it is found that the second position has better uniformity of the cell gap than the first point. Therefore, the variation of the cell gap could be influenced by the uncontrollable process fluctuations and the measurement errors. 
Conclusion
Recently, one of the major issues in the flexible display manufacturing processes was to determine the optimal process conditions for the controllable factors to manufacture the superior display materials as well as to examine the relationships between the process parameters and the responses. In this paper, the statistical models for the cell gap fabricated on PC film as a substrate were presented and the optimised process recipe was investigated. In order to build the process model, the D-optimal design was used to generate the design matrix and RSM was carried out. The optimised process condition for the desired response was determined using the desirability function. It is confirmed that the desired response can be obtained by the optimised recipe with the statistical variation. Therefore, this modelling methodology can be applied to the manufacturing process for flexible display manufacturing and the statistical variation analysis of the process.
